Introduction
============

Renal cell carcinoma (RCC) is the most prevalent adult kidney malignancy, and its incidence has been increasing in recent decades ([@b1-ol-0-0-9412]). RCC is associated with high rates of mortality and resistance to chemotherapy and radiotherapy ([@b2-ol-0-0-9412]--[@b4-ol-0-0-9412]). Patients with early-stage disease can be treated with surgical resection, but \~20% of patients present with metastatic disease at the initial diagnosis ([@b5-ol-0-0-9412]). Moreover, up to 20% of RCC patients suffer from metastatic lesions even if nephrectomy is performed ([@b6-ol-0-0-9412]). Therefore, the identification of new sensitive, reliable biomarkers that predict RCC progression and prognosis and the development of new targeted therapies that improve RCC patient prognosis are necessary.

Proline-rich tyrosine kinase 2 (Pyk2), also known as PTK2B, FAK2, RAFTK, and CAKB, regulates different signal transduction cascades that control cell proliferation, migration and invasion ([@b7-ol-0-0-9412]--[@b10-ol-0-0-9412]). Pyk2 has high homology with focal adhesion kinase (FAK) at the structural level ([@b11-ol-0-0-9412]). Pyk2 is overexpressed in hepatocellular carcinoma (HCC) cells, and its expression is associated with poor prognosis ([@b12-ol-0-0-9412]). Pyk2 overexpression promotes HCC cell migration and invasion via ERK pathway activation ([@b10-ol-0-0-9412],[@b13-ol-0-0-9412]). Pyk2 is critical for the malignant phenotype in breast cancer ([@b14-ol-0-0-9412]) and plays a significant role in facilitating epithelial-to-mesenchymal transition in breast cancer ([@b15-ol-0-0-9412]). Moreover, Pyk2 is a common downstream effector of ErbB and IL8 receptors, and it integrates these signaling pathways through a positive feedback loop to potentiate breast cancer invasion ([@b16-ol-0-0-9412]). Poor prognosis in lung cancer has been proven to correlate with aberrant Pyk2 upregulation ([@b17-ol-0-0-9412]). Pyk2 also plays an important role in astrocytic tumor angiogenesis through VEGF regulation ([@b18-ol-0-0-9412]) and is a key downstream signaling molecule of chemokine receptor 7 in squamous cell carcinoma of the head and neck, promoting tumorigenesis and progression ([@b19-ol-0-0-9412]). However, the role of Pyk2 in RCC remains less explored.

In our study, we demonstrated that Pyk2 is highly expressed at the mRNA and protein levels in RCC tissues compared with paired adjacent nontumor (NT) tissues. Moreover, we found that Pyk2 upregulation is associated with poor clinical outcomes in RCC patients. By using loss-of-function approaches, we found that Pyk2 knockdown reduced viability, invasive ability, and migratory ability and increased apoptosis in RCC cell lines. In contrast, Pyk2 overexpression promoted tumor cell proliferation, invasion and migration and reduced apoptosis. Overall, our findings describe the pro-oncogenic role of Pyk2 in RCC and thus provide molecular evidence for a novel Pyk2-targeting therapeutic strategy in RCC.

Patients and methods
====================

### Patients and clinical samples

All cases included in the study were clinically and pathologically identified as RCC. This study included 60 RCC tissues and paired adjacent NT tissues obtained from patients who underwent surgery at Changzheng Hospital, Second Military Medical University (Shanghai, China). No patients received anticancer treatments before surgery in this study. The median fellow-up time of these 60 RCC patients was 60 months. Written informed consent was obtained from all patients. The Ethics Committee of Changzheng Hospital, Second Military Medical University, approved the use of these tissues in this study.

### Cell lines and culture conditions

Human RCC cell lines (A498, ACHN, CAKI-2, OS-RC-2, 769P and 786-O) and the normal kidney cell line HK-2 were obtained from the Shanghai Institute of Life Sciences Cell Resource Center (Shanghai, China). OS-RC-2, 769P and 786-O cell lines were cultured in RPMI modified medium (GE Healthcare Life Sciences, Logan, UT, USA), and A498 and ACHN cell lines were cultured in minimum essential medium (Eagle; Corning Inc., Corning, NY, USA). The CAKI-2 cell line was cultured in McCoy\'s 5A medium (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA), and the HK-2 cell line was cultured in DMEM (GE Healthcare Life Sciences). All media were supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin (Gibco; Thermo Fisher Scientific, Inc.), according to the American Type Culture Collection. All cell cultures were maintained at 37°C in a humidified atmosphere with 5% CO~2~. According to the expression of Pyk2 in RCC cell lines, we selected ACHN cells to generate Pyk2 knockdown cells and A498 cells to generate stable Pyk2 overexpression cells.

### Tissue microarray (TMA) construction and immunohistochemical (IHC) detection

IHC was performed with the TMA using a two-step immunoperoxidase technique. After heating the sections in 10 mmol/l citrate buffer for antigen retrieval, the sections were incubated with primary antibody against Pyk2 (Abcam, Cambridge, MA, USA; dilution 1:60) at 4°C overnight and then with appropriate secondary antibody for one h at room temperature.

### RNA extraction, cDNA preparation and qRT-PCR

Total RNA was extracted from cells and tissues using TRIzol reagent (Takara Bio, Inc., Otsu, Japan), according to the manufacturer\'s instructions. Total RNA quality was assessed using a Nanodrop 2000 and agarose gel electrophoresis. First-strand cDNA was generated from 2 µg of total RNA using M-MLV reverse transcriptase (Invitrogen; Thermo Fisher Scientific, Inc.) with random primers. qRT-PCR was performed according to the SYBR Green protocol in a Step One Plus System (Applied Biosystems, Foster City, CA, USA), and β-actin served as the endogenous control. Primer sequences were as follows: Pyk2 5′-GTGGGAGATCCTGAGCTTTG-3′ (forward) and 5′-TAAAGGACCGGTGGACAGAG-3′ (reverse); and β-actin 5′-CTGGTGCCTGGGGCG-3′ (forward) and 5′-AGCCTCGCCTTTGCCGA-3′ (reverse). Relative mRNA expression levels were calculated based on the corresponding relative quantity (RQ) values and were normalized to β-actin expression.

### Western blot analysis

Total cell and tissue lysates were prepared in 1X sodium dodecyl sulfate buffer. Identical quantities of protein were separated by SDS gel electrophoresis and transferred onto nitrocellulose filter membranes. After incubating with antibodies specific for Pyk2 (ab32571; Abcam) and GAPDH (sc-25778; Santa Cruz Biotechnology, Inc., Dallas, TX, USA), the blots were incubated with IRDye 800-conjugated goat anti-rabbit IgG, and bands were detected using an Odyssey infrared scanner (Li-Cor Biosciences, Lincoln, NE, USA). GAPDH was used as the loading control.

### siRNA transfection

Pyk2 siRNA was synthesized by GenePharma (Shanghai, China), with a sequence of 5′-GCTTCGAGAGCAACAGCTT-3′. A non-silencing siRNA oligonucleotide that does not recognize any known mammalian gene homolog (GenePharma) was used as a negative control. We selected ACHN cells to generate Pyk2 knockdown cells, which we named si-Pyk2 cells; control cells were named si-NC cells. ACHN cells were transfected with Pyk2 siRNA (50 nmol/l) or control siRNA (50 nmol/l) via Lipofectamine 2000 transfection reagent (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer\'s instructions.

### Lentiviral vectors and infection

The lentivirus encoding Pyk2 plasmids was packaged and purified at Hanbio Biotechnology (Shanghai, China), and cells were infected following the manufacturer\'s instructions. We selected A498 cells to generate stable Pyk2 overexpression cells, which we named A498-Pyk2 cells; control cells were named A498-Ctrl cells.

### Flow cytometric analysis

Cell apoptosis was quantified using flow cytometric analysis (BD Biosciences, San Jose, CA, USA). For apoptosis experiments, RCC cells were collected and washed twice with ice-cold PBS and re-suspended in 200 µl of binding buffer. FITC-conjugated Annexin V was added at a final concentration of 0.5 µg/ml and incubated for 20 min at room temperature in the dark; then, 1 µg/ml propidium iodide (PI) was added. Samples were immediately analyzed by flow cytometry.

### Wound-healing migration assay

RCC cells were seeded at 5×10^5^ cells/well in 6-well plates and cultured until the cells were confluent. The cell monolayer was scraped in a straight line using a 10-µl pipette tip and was washed with PBS twice, and the medium was replaced with serum-free medium. To evaluate cell migration, images were captured at 0, 12, 24 and 48 h following the initial scratch.

### Transwell assays

Polycarbonate membranes with a pore size of 8 µm and 24-well culture insert plates (EMD Millipore, Billerica, MA, USA) were used for transwell assays. First, the insert plates were equilibrated with 0.5 ml of serum-free culture medium for 1 h at 37°C in 5% CO~2~. Then, the medium in the lower chambers was replaced with 0.5 ml of culture medium supplemented with 10% FBS. Serum pre-starved RCC cells (5×10^4^) in 400 µl of serum-free medium were seeded into the upper chambers. After a 48-h incubation period, the inserts were rinsed with PBS, and cells on the upper surface of the membrane were scraped off. Cells on the bottom side of the membrane were stained with crystal violet stain and counted by a microscope. Cells were counted from 8 randomly chosen fields (magnification, ×200).

### Cell counting kit 8 (CCK8) assay

RCC cells were cultured for 12, 24, 36, 48 and 60 h. Wells with only culture medium added served as blanks. At different time points, the supernatant was removed, and 100 µl of culture medium containing 10 µl of CCK8 reagent (Dojindo Molecular Technologies, Inc., Kumamoto, Japan) was added to each well for another 2-h incubation at 37°C. Absorbance was recorded at 450 nm using a microplate reader (Varioskan Flash; Thermo Fisher Scientific, Inc.). Viability (%) was calculated based on optical density (OD) values as follows: (OD of time sample-blank)/(OD of control sample-blank) ×100. All experiments were independently repeated in triplicate on separate occasions.

### Statistical analysis

Data are expressed as means ± sd. of three independent experiments. All statistical analyses were performed using SPSS version 17.0 software (Abbott Laboratories, Chicago, IL, USA). For comparisons, Student\'s t-test (two-tailed), Dunnet-t test, Analysis of Variance (ANOVA), Rank-sum test, Fisher\'s exact test, Pearson correlation analysis were performed as appropriate. Kaplan-Meier survival analysis was utilized to compare RCC patient survival based on dichotomized Pyk2 expression by log-rank test. A P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Pyk2 was highly expressed in RCC

We examined Pyk2 mRNA and protein expression levels in RCC tissues and paired adjacent NT tissues. Pyk2 expression was significantly upregulated in RCC tissues compared with paired adjacent NT tissues ([Fig. 1A and B](#f1-ol-0-0-9412){ref-type="fig"}). Using IHC analysis of RCC tissues and paired adjacent NT tissues, we confirmed Pyk2 upregulation at the protein level in RCC patients ([Fig. 1C](#f1-ol-0-0-9412){ref-type="fig"}). To explore the biological functions of Pyk2 in RCC *in vitro*, we detected Pyk2 expression levels in several RCC cell lines ([Fig. 1D](#f1-ol-0-0-9412){ref-type="fig"}).

### Pyk2 upregulation served as a prognostic factor for patients with RCC

To determine the prognostic value of Pyk2 in RCC, we generated Kaplan-Meier survival curves and performed log-rank tests in qRT-PCR cohorts. The median expression level was used as the cutoff. Remarkably, we found that progression-free survival (PFS) was significantly shorter in patients with increased Pyk2 mRNA levels than in those with reduced Pyk2 mRNA levels ([Fig. 2](#f2-ol-0-0-9412){ref-type="fig"}). Collectively, our findings indicated that Pyk2 can be used as a prognosis predictor in RCC patients.

### Pyk2 knockdown led to reduced viability, invasive ability, and migratory ability and increased apoptosis in vitro

Because Pyk2 is highly expressed in the ACHN cell line, we selected this cell line to generate Pyk2 knockdown cells. Pyk2 knockdown efficiency was confirmed by qRT-PCR ([Fig. 3A](#f3-ol-0-0-9412){ref-type="fig"}) and western blotting ([Fig. 3B](#f3-ol-0-0-9412){ref-type="fig"}). CCK8 assays revealed that si-Pyk2 cells presented with a significant reduction in cell proliferation compared with si-NC cells ([Fig. 3C](#f3-ol-0-0-9412){ref-type="fig"}). Transwell assays also revealed that compared with si-NC cells, si-Pyk2 cells displayed decreased migration and invasion ([Fig. 3D](#f3-ol-0-0-9412){ref-type="fig"}). In wound-healing migration assays, microscopic examination at 0, 12, 24 and 48 h revealed that compared with si-NC cell migration, si-Pyk2 cell migration was significantly reduced ([Fig. 3E](#f3-ol-0-0-9412){ref-type="fig"}). Flow cytometric analysis revealed that apoptosis is increased in si-Pyk2 cells compared with si-NC cells ([Fig. 3F](#f3-ol-0-0-9412){ref-type="fig"}).

### Pyk2 overexpression promoted tumor cell proliferation, invasion and migration and reduced apoptosis

Because of the low expression of Pyk2 in the A498 cell line, we selected this cell line to generate stable Pyk2 overexpression cells. Pyk2 overexpression efficiency was confirmed by qRT-PCR ([Fig. 4A](#f4-ol-0-0-9412){ref-type="fig"}) and western blotting ([Fig. 4B](#f4-ol-0-0-9412){ref-type="fig"}). CCK8 assays revealed that A498-Pyk2 cells exhibited increased viability ([Fig. 4C](#f4-ol-0-0-9412){ref-type="fig"}). We also found that Pyk2 overexpression enhanced A498-Pyk2 cell invasion ([Fig. 4D](#f4-ol-0-0-9412){ref-type="fig"}) and migration ([Fig. 4E](#f4-ol-0-0-9412){ref-type="fig"}). Flow cytometry data revealed that apoptosis was reduced in A498-Pyk2 cells compared with A498-Ctrl cells ([Fig. 4F](#f4-ol-0-0-9412){ref-type="fig"}).

Discussion
==========

Partial nephrectomy is the recommended standard treatment for localized RCC ([@b20-ol-0-0-9412]); however, cancer metastasis is a serious problem in clinical treatment, warranting a significant change in therapeutic strategies and predicting poor outcomes in RCC ([@b3-ol-0-0-9412],[@b21-ol-0-0-9412]). Once a tumor has metastasized, the mortality burden faced by RCC patients is significant ([@b22-ol-0-0-9412]). Thus, the ability to determine which patients at high risk of developing metastasis may benefit from radical nephrectomy and adjuvant treatment is urgently needed. Targeted therapy is the main treatment for metastatic RCC patients. Unfortunately, because of acquired resistance and other drawbacks, both therapies for metastatic RCC have limited efficacy and remain unsatisfactory in respect to patient outcomes ([@b23-ol-0-0-9412]--[@b25-ol-0-0-9412]). Therefore, gaining a better understanding of the molecular mechanisms that underlie RCC metastasis may enable researchers to identify reliable biomarkers to clinically diagnose affected patients, predict the prognosis of these patients and target therapies to treat these patients.

Many reports indicate that the expression of Pyk2, a non-receptor kinase of the FAK family, is associated with the prognosis of many tumors, such as colon cancer and gastric cancer. We sought to determine whether Pyk2 is linked with RCC and detected the expression of Pyk2 in tumor and NT tissues from RCC patients. We discovered that the expression of Pyk2 was upregulated in tumor tissues. We also found that the high expression of Pyk2 was associated with poor prognosis in RCC. These results illustrated that Pyk2 may play a role in RCC.

We detected Pyk2 expression level in several RCC cell lines and HK2 cells and found the highest level in ACHN cells and the lowest level in A498 cells.

We subsequently found that knocking down Pyk2 in ACHN cells by siRNA can reduce cell invasion and metastatic abilities, whereas Pyk2 overexpression in A498 cells can significantly increase RCC invasion and metastatic abilities *in vitro*. These results suggest that Pyk2 may be a potential therapeutic target in RCC metastasis.

In summary, our study demonstrated that Pyk2 plays a critical role in promoting cell proliferation and metastasis in RCC and may serve as an independent predictor of clinical outcomes in RCC patients. Based on these findings, targeting Pyk2 may represent a potential therapeutic strategy to curb RCC progression. In the future, we will explore the molecular mechanism by which Pyk2 promotes RCC progression and metastasis.
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![Pyk2 is highly expressed in RCC. (A) RT-q-PCR reaction analysis of Pyk2 in RCC tissues and adjacent nontumor tissues from 60 patients with RCC. (B) Western blot analysis of Pyk2 in RCC tissues and paired adjacent nontumor tissues. GAPDH was used as an internal standard. (C) Immunohistochemical analysis of Pyk2 in RCC tissues and adjacent nontumor tissues. (D) RT-qPCR analysis of Pyk2 in RCC cell lines. \*P\<0.05 and \*\*P\<0.01. Pyk2, proline-rich tyrosine kinase 2; RCC, renal cell carcinoma; RT-qPCR, reverse transcription-quantitative polymerase chain reaction.](ol-16-05-5953-g00){#f1-ol-0-0-9412}

![Pyk2 upregulation serves as a prognostic factor in patients with RCC. Progression-free survival was significantly shorter for patients with higher Pyk2 mRNA levels compared with patients with lower Pyk2 mRNA levels. Pyk2, proline-rich tyrosine kinase 2; RCC, renal cell carcinoma.](ol-16-05-5953-g01){#f2-ol-0-0-9412}

![ACHN cells were selected to generate Pyk2 knockdown cells. Pyk2 knockdown reduces viability, invasive ability and migratory ability and increases apoptosis *in vitro*. (A) Reverse transcription-quantitative polymerase chain reaction analysis and (B) western blot analysis were performed to test siRNA efficiency. (C) Cell Counting kit-8 assays of si-Pyk2 and si-NC cells at the indicated times. (D) Transwell assays were performed to evaluate the invasive ability in si-Pyk2 and si-NC cells. (E) Representative images of the wound-healing assay with si-Pyk2 and si-NC cells photographed at 0, 12, 24 and 48 h after the scratch was created. (F) Flow cytometric analysis of apoptosis in si-Pyk2 and si-NC cells. \*P\<0.05 and \*\*P\<0.01. Pyk2, proline-rich tyrosine kinase 2; si, small interfering; NC, negative control.](ol-16-05-5953-g02){#f3-ol-0-0-9412}

![A498 cells were selected to generate stable Pyk2 overexpression cells. Pyk2 overexpression promotes tumor cell proliferation, invasion and migration and reduces apoptosis. (A) reverse transcription-quantitative polymerase chain reaction analysis and (B) western blot analysis were performed to test Pyk2 overexpression efficiency. (C) Cell Counting kit-8 assays of A498-Pyk2 and A498-Ctrl cells at the indicated time points. (D) Transwell assays were performed to evaluate the invasive ability of A498-Pyk2 and A498-Ctrl cells. (E) Representative images of wound-healing assays with A498-Pyk2 and A498-Ctrl cells photographed at 0, 12, 24 and 48 h after the scratch. (F) Flow cytometric analysis of apoptosis in A498-Pyk2 and A498-Ctrl cells. \*P\<0.05 and \*\*P\<0.01. Pyk2, proline-rich tyrosine kinase 2; Ctrl, control.](ol-16-05-5953-g03){#f4-ol-0-0-9412}
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